The mammalian host has a number of innate immune mechanisms designed to limit the spread of infection, yet many bacteria, including Salmonella, can cause systemic disease. Salmonella typhimurium-infected phagocytes traverse the gastrointestinal (GI) epithelium and enter the bloodstream within minutes after ingestion, thereby spreading throughout its host. Here, we provide a cellular and molecular basis for this phenomenon. We demonstrate that S. typhimurium manipulates the migratory properties of infected GI phagocytes with a type III secretion system. We show that one secreted effector, SrfH, interacts with the host protein TRIP6, a member of the zyxin family of adaptor proteins that regulate motility. SrfH promotes phagocyte motility in vitro and accelerates the systemic spread of infection away from the lumen of the intestine in the mouse. This is a previously uncharacterized mechanism by which an intracellular pathogen overcomes host defenses designed to immobilize infected cells.
The mammalian host has a number of innate immune mechanisms designed to limit the spread of infection, yet many bacteria, including Salmonella, can cause systemic disease. Salmonella typhimurium-infected phagocytes traverse the gastrointestinal (GI) epithelium and enter the bloodstream within minutes after ingestion, thereby spreading throughout its host. Here, we provide a cellular and molecular basis for this phenomenon. We demonstrate that S. typhimurium manipulates the migratory properties of infected GI phagocytes with a type III secretion system. We show that one secreted effector, SrfH, interacts with the host protein TRIP6, a member of the zyxin family of adaptor proteins that regulate motility. SrfH promotes phagocyte motility in vitro and accelerates the systemic spread of infection away from the lumen of the intestine in the mouse. This is a previously uncharacterized mechanism by which an intracellular pathogen overcomes host defenses designed to immobilize infected cells.
bacteremia ͉ secreted effector ͉ TRIP6 ͉ type 3 secretion ͉ virulence N umerous intracellular pathogens must breach epithelial barriers, navigate the lymphatic system, and travel considerable distances to reach their preferred sites of replication within a host. For enteric pathogens, in addition to the physical barrier that the gastrointestinal (GI) epithelium provides, microbes must also contend with a brush border, a thick mucus coat, an acidic environment, peristalsis, antimicrobial peptides, cell turnover, and endogenous flora. GI phagocytes can serve as vehicles for microbial dissemination into deeper tissue: they readily engulf microbes and can traverse epithelial barriers and inadvertently shield pathogens from other components of the immune system. However, when phagocytes internalize Gram-negative bacteria, their LPS binds Toll-like receptor 4, triggering the release of macrophage migration inhibition factor and other cytokines that strongly inhibits their motility (1, 2) . Additionally, the best-characterized route for tissue phagocytes to reach the bloodstream is through the lymphatic system, and recirculation normally requires between 12 and 20 h (3) (4) (5) . Thus, it is remarkable that Salmonella typhimurium-and Salmonella typhi-infected phagocytes can enter the bloodstream within as little as 15 min after ingestion (6, 7) .
S. typhimurium penetrates to deeper tissue through two different pathways. In one route, the bacteria access systemic tissue by the lymphatic system and the Peyer's patches. In the second pathway, phagocytes are believed to carry intestinal bacteria directly into the bloodstream without passing through the Peyer's patches (6) (7) (8) (9) (10) . After ingestion, bacteria reach systemic organs in Ͻ15 min in this pathway vs. Ϸ24 h by the lymphatic system (7). The bacteria are carried within CD18-expressing cells thought to be monocytes (11) . Movement of bacteria-infected cells requires not only stimulation of cell motility but also inhibition of the inflammatory pathways that would normally block this motility (12) . Thyroid receptor interacting protein 6 (TRIP6; ref. 13 ) is an adaptor protein that binds components of the Rac signaling pathway, critical for cell motility, and the NF-B inflammatory pathways (14) (15) (16) (17) (18) . Thus, Salmonella effector interation with TRIP6 might alter both the inflammatory response to infection as well as the motility of an infected cell, as described below.
Salmonella enterica virulence is mediated in part by the passage of proteins to the host through one or more type III secretion systems (19) . Few of the type III secreted proteins have been characterized with respect to their mechanism of action. In this work, we describe how one such effector, SrfH, alters cell motility. This is a new and unexpected function for a type III secretion system, suggesting that Salmonella, and perhaps other intracellular pathogens, direct their course of infection by controlling the migratory properties of the host cells harboring them.
Results

SrfH Is a Secreted Type III Effector That Binds the LIM (Named for
Lin-11, Isl-1, and Mec-3) Domains of TRIP6. We recently identified srfH͞sseI (SsrB regulated factor H͞Salmonella secreted effector I), a chromosomal gene associated with SPI-2 whose expression is induced nearly 100-fold inside macrophages (20, 21) . SrfH shares no homology with any database entries outside of its N-terminal sequence and possesses no conserved catalytic motifs, suggesting a unique function for the protein. We confirmed a report (22) that SrfH is secreted by SPI-2 across the vacuolar membrane after invasion (23); however, it plays no role in promoting intracellular proliferation rendering its function enigmatic (see supporting information, which is published on the PNAS web site; ref. 20) .
To delineate SrfH's role within infected host cells, we used srfH as the ''bait'' in a yeast two-hybrid screen of a human cDNA library. Of approximately one million yeast transformants screened, only two contained host peptides that interacted significantly with SrfH, both of which contained LIM domain fragments of TRIP6 (Fig.  1A) . Despite their similarities, SrfH does not interact with other members of this adaptor family (Fig. 1B) .
To support the relevance of the SrfH͞TRIP6 binding, we conducted additional experiments. Transient transfection of RAW264.7 cells with a hybrid SrfH-GFP protein shows localization to the membrane and to focal adhesions. When these same cells are stained with anti-TRIP6 antibody, they show Ͼ90% colocalization of the two proteins within macrophages (Fig. 2 Upper). Transfection with a mammalian vector expressing GFP alone does not show colocalization with TRIP6 (Fig. 2 Lower). As shown in Fig. 2 Lower Left, staining with anti-TRIP6 antibody exhibits a characteristic punctate pattern that is diffusely spread across the cytoplasm, similar to staining observed in previous studies (17) . After SrfH transfection, TRIP6 relocalizes to the cellular cytoskeleton (Fig. 2 Upper). It is noteworthy that cells transfected with a mammalian vector expressing SrfH show ruffling patterns consistent with those seen after stimulation of the Rac signaling pathway ( Fig. 2; ref. 24) , which is the major signal transduction pathway activated in cellular movement. In summary, the Salmonella secreted effector SrfH and mammalian adaptor protein TRIP6 interact; however, because there are Ͼ250 LIM-domain-containing proteins, we cannot rule out interaction with additional proteins. Further experiments that describe the nature of the TRIP6͞SrfH interaction in detail will be published separately.
SrfH Stimulates Phagocyte Migration. Given that TRIP6 is an adaptor in a pathway that can stimulate cellular motility and that knockdown as well as overproduction of TRIP6 alters cellular motility (16) (17) (18) , we hypothesized that SrfH promotes the motility of infected phagocytes. To test this possibility, RAW264.7 macrophage-like cells and JAWS dendritic-like cells (both are CD18 ϩ ) were infected with either wild-type S. typhimurium 14028s or an isogenic srfH mutant at a multiplicity of infection of 0.1 (21) . After the initial infection period, all extracellular bacteria were removed by washing and treatment with gentamicin (25) . The ability of the infected macrophages to chemotax was determined in a modified Boyden chamber (Chemotax System; Neuro Probe, Gaithersburg, MD). Boyden chambers are composed of two compartments separated by a hydrophobic filter that contains small holes. Macrophages are cultured in the top compartment, and various macrophage chemoattractants may be placed in the bottom compartment. The number of cfus reaching the bottom compartment was used to measure macrophage migration. The gentamicincontaining media in the bottom compartment were shown to be free of viable extracellular bacteria. We found that significantly more macrophages or dendritic cells infected with wild-type S. typhimurium migrated than these same cells types infected with an isogenic srfH mutant ( Fig. 3 A and B) . Furthermore, SrfH expression in trans complemented a srfH mutant phenotype (Fig. 3A) . Taken together with the results of the previous studies, these data indicated a role for SrfH in promoting the motility of infected cells, which may be a direct consequence of SrfH's interaction with TRIP6. However, these findings do not exclude the possibility that SrfH affects the motility of infected macrophages through an indirect mechanism requiring expression of additional effectors.
To establish whether SrfH was sufficient for increased macrophage motility, we expressed SrfH within the macrophage cytosol in the absence of any other bacterial components and assayed for induction of macrophage motility. Separate populations of macrophages were transfected with either a plasmid expressing SrfH-GFP or a plasmid expressing GFP alone. More macrophages expressing SrfH-GFP migrated than the group expressing only GFP (Fig. 3C ).
SrfH Has No Effect on Host-Cell Movement in the Absence of TRIP6.
We next assessed the degree to which the srfH phenotype depends on TRIP6 expression. It was established that TRIP6 levels could be greatly reduced when the corresponding transcripts were targeted with small interfering RNA (siRNA). Macrophages were transfected with either nonsilencing or silencing TRIP6 siRNA. Subsequently, the cells were infected with either the srfH mutant or the wild-type Salmonella strain. When TRIP6 expression was blocked with siRNA, macrophages harboring either type of bacteria migrated almost identically (Fig. 4B) . In contrast, when macrophages were transfected with nonsilencing siRNA, SrfH conferred an Ϸ5-fold increase in macrophage motility, similar to what was observed in Fig. 3 . Overall, the results of this experiment suggest that SrfH manipulates macrophage motility by interacting directly with the adaptor protein TRIP6. The finding that blocking TRIP6 expression resulted in increased cell motility is in agreement with others (18) . We hypothesize that TRIP6 inhibits cell migration and that the binding of SrfH to TRIP6 blocks this inhibition.
S. typhimurium Travels Directly from the GI Tract to the Bloodstream
Within CD18 ؉ Phagocytes. Because SrfH is able to promote macrophage movement in vitro, we hypothesized that in an infection model, SrfH expression would correlate with a rapid appearance of S. typhimurium-infected phagocytes in the bloodstream in a mouse infection (6, 7) . During short time periods, S. typhimurium travels from the murine lumen of the intestine into the bloodstream within GI phagocytes (7) . In CD18 Ϫ mice, phagocytes cannot efficiently traverse the GI epithelium (7, 26, 27) . CD18 is an integrin specific to immune system cells that facilitates leukocyte transmigration and is present on the professional phagocytic cells: neutrophils, macrophages, and dendritic cells. Ten CD18
Ϫ mice were inoculated with 1 ϫ 10 9 S. typhimurium by gavage. Thirty minutes postinfection, we did not recover any viable bacteria from their peripheral blood (Fig. 5A ). This was not because of increased killing of intracellular bacteria, because CD18-deficient macrophages are less microbiocidal to S. typhimurium than are congenic control macrophages (7, 11) . Thus, it was concluded that S. typhimurium travels from the GI tract to the bloodstream exclusively inside of CD18 ϩ phagocytes in the short time frame used in this study. This finding allowed us to examine how various bacterial mutations may impact the migration of these cells.
SrfH Accelerates Entry of S. typhimurium to the Bloodstream. To determine whether SrfH accelerates the rate at which infected phagocytes travel from the lumen of the intestine into the bloodstream, we introduced either wild-type S. typhimurium or the srfH mutant into mice by oral gavage (1 ϫ 10 9 ). Thirty minutes after inoculation, an average of five times more wild-type S. typhimurium than srfH mutants were recovered from the bloodstream (Fig. 5A) . When the srfH mutation was complemented by SrfH expression in trans from a multicopy plasmid, the complemented mutant showed an even higher level of bacteria than that seen with wild-type S. typhimurium (Fig. 5A) . Each of these experiments was carried out with groups of five mice on seven separate occasions. In a dissemination assay with a Salmonella strain defective in all SPI-2-dependent type III secretion (ssaK::cm), no mutant bacteria were recovered in 18 of 25 mice intragastrically infected with the ssaK mutant. Thus, the phenotype of a complete knockout of the SPI-2 type III secretion systems is much stronger than the srfH mutation alone, which suggests that additional effectors are used during the course of infection in the mouse.
To establish whether the accelerated bacteremia resulted in accelerated colonization of internal organs, we assayed the number of bacteria in the spleen and liver, preferred sites for Salmonella replication, 24 h after oral inoculation. At 24 h, SrfH increased the rate at which S. typhimurium colonized both the liver and spleen by an order of magnitude (Fig. 5B) . The rapidity with which mouse infection was observed was surprising given the fact that previous studies suggested that expression of SPI-II and its effectors is delayed for hours in vitro (see ref. 28 for discussion). This conundrum has been resolved by direct assays for SPI-2 expression within ligated mouse ileal loops, which demonstrated rapid expression in the gut (28) . In fact, constitutive expression of SrfH did result in increased bacteremia after gavage. Thus, SrfH expression may limit the level of infection (Fig. 5A) . In summary, after Salmonella typhimurium 14028 oral infection of mice, at least one organism in one million inoculated traveled to the bloodstream within minutes.
As further verification that the bacteria are present within cells in the bloodstream, we performed FACS analysis of infected white blood cells isolated from Salmonella::GFP orally infected mice (Fig.  6) . Most of the bacteria were present within monocytes (GR-1 ϩ ͞ CD11b ϩ ), corroborating earlier observations (11) , and the number of infected cells closely paralleled the number of cfu recovered in the previous experiment (Fig. 5A ).
Bacteria Are Not Killed in Transit to the Bloodstream. One concern we had at the outset was that the reduced numbers of mutant bacteria that reach the bloodstream was a consequence of bacterial death in transit and not a difference in infected cell motility. To investigate this possibility, we developed a more sensitive PCR assay for the presence of live or dead bacteria. The assay is based on incorporating a high copy number plasmid into the bacteria to provide a PCR template that is not readily degraded and can be easily detected. In our assay, we purified plasmid DNA from infected mouse blood, relying on its structure as a closed circular molecule, and then used the purified plasmid DNA to template PCR. In control experiments, we could detect even a single heat-killed bacterium in 1 ml of blood (supporting information). No bacteria were recovered by plating or PCR in dissemination experiments with Escherichia coli K12, a nonpathogenic relative of S. typhi- w il d t y p e s r f H m u t a n t s r f H m u t a n t + p W S K 3 0 :: s r f H S P I-2 s e c r e t io n s y s t e m m u t a n t E . murium. To determine whether ssaK mutant bacteria were being killed during the short time period of this assay, we repeated the more sensitive PCR experiments. We could not detect live or dead bacteria within the bloodstreams of 10 additional mice that were inoculated with 1 ϫ 10 10 SPI-2 secretion mutant bacteria, 10 times the original inoculum used. Therefore, the earlier recovery of a few bloodstream bacteria in 7 of 24 mice inoculated with the type III secretion systems structural mutant was likely the result of abrasion by the gavage needle. To summarize, we show that phagocytes do not kill ssaK mutants in transit (supporting information). Because SPI-2 genes mediate neither GI tract survival (supporting information) nor adherence and uptake by phagocytic cells (supporting information), the results imply that SPI-2 secretes additional effectors that manipulate cellular motility.
Discussion
Our results show that SrfH is responsible for accelerating the movement of infected CD18 ϩ cells from the lumen of the intestine to the liver and spleen, which are the preferred sites for Salmonella replication. Partial experimental support for a direct interaction between SrfH and TRIP6 is provided but will be considered in detail in a later publication. Results from the Boyden chamber assays show that SrfH expression in infected cells is both necessary and sufficient for an increase in macrophage and dendritic cell motility. Most important, infection of mice with wild-type Salmonella, but not the srfH mutant, resulted in the presence of infected cells in the bloodstream within minutes. These bacteria are carried exclusively within CD18 ϩ cells: in mice lacking these cells, bacteremia takes place by a different route and is delayed many hours. SrfH does not affect bacterial adherence, cell invasion, survival within the intestine, or replication within macrophages, dendritic cells, or epithelial cells (supporting information and ref. 21) . Our data support the hypothesis that SrfH alters the motility of infected cells by its interaction with TRIP6.
TRIP6 Functions in both Inflammatory and Cell Motility Pathways.
TRIP6 is an adaptor that interacts with components of inflammatory pathways as well as the Rac pathway for cell motility (15) (16) (17) (18) 24) . Professional phagocytic cells chemotax toward infecting microbes, limiting the spread of infection by destroying the invading microbe and initiating the adaptive immune response. They are directed along a concentration gradient of bacterial products but stop at the site of infection. This must require a complex interaction between the Toll-like receptor pathways and the Rac cell motility pathway (18) . In the macrophage-like cell we have studied, reducing expression of TRIP6 stimulates motility of the infected cells, thus TRIP6 must be acting as a brake to inhibit infected cells from disseminating, and SrfH, in effect, removes the brake (our results; ref.
18).
Antigen Sampling and Bacterial Infection. Numerous intracellular pathogens can traverse epithelial barriers and disseminate within hosts with surprising speed. Accordingly, it has long been speculated that phagocytes might inadvertently spread such pathogens as part of a host-specified antigen-sampling pathway (7, 29) . However, our results suggest that S. typhimurium uses the SPI-2 encoded type III secretion systems to stimulate infected GI phagocytes to carry them across the epithelium. This allows Salmonella to bypass the lymphatic system and penetrate the bloodstream, thereby accelerating the colonization of internal organs. This study provides one of the first descriptions of a virulence mechanism in which a pathogen directly alters the motility of infected host cells for its own benefit.
A Common Virulence Strategy. The manipulation and subversion of host cell motility is a virulence strategy likely to be used by other intracellular pathogens aside from S. typhimurium. Because such pathogens must traverse the host integuments and move within the host to reach their preferred site(s) of replication, the manipulation and subversion of host cell motility is a virulence strategy likely to be used by other intracellular pathogens aside from S. typhimurium. Thus, it is not surprising that Yersinia enterocolitica and Vaccinia virus alter the motility of infected cells (8) (9) (10) 30) . For these pathogens, the proteins responsible have not yet been identified. However, such observations suggest that numerous infectious microbes subvert phagocytes as vehicles for their own intrahost dissemination. Thus, it is surprising that srfH shows a very limited distribution within S. enterica given the fact that many strains of Salmonella have the ability to disseminate rapidly within mice and humans and to reach the bloodstream within minutes after oral infection (6) . It is therefore likely that there will be additional genes identified encoding proteins with similar function but not necessarily sequence homology. The immediate consequence of the presence of intracellular bacteria is to block the motility of infected cells by release of cytokines such as migration inhibition factor (MIF; refs. 31 and 32). MIF is also proinflammatory and a pivotal regulator of innate immunity (reviewed in ref. 33) . It follows that a mechanism to overcome this component of the innate immune system must be an essential virulence determinant of pathogens that cause systemic infection. The underlying microbial machinery may provide a new generation of antimicrobial targets as well as tools for delineating the molecular mechanisms responsible for cell movement.
Methods
Bacterial Strains, Constructs, and Media. S. typhimurium 14028s and derivatives as well as cultured RAW264.7 macrophages from American Type Culture Collection were used throughout this study. Bacteria and tissue culture cells were grown as described (34) . An SPI-2 structural mutant was created by disrupting the chromosomal ssaK allele, as described (21) . For in vitro motility assays, complemented derivatives of 14028s srfH::MudJ (MJW704; ref. 21) were generated. The srfH ORF and 65 bp of upstream sequence were PCR amplified, cloned into pWKS30 (35) , and electroporated into MJW704. For transfection experiments, srfH was cloned into the eukaryotic expression vectors, pEGFP-N1.
General Methods. All molecular biology and genetic manipulations were performed with established protocols (36, 37) . Transfections were performed with Effectene for mammalian vectors and with HiPerFect for siRNA (Qiagen, Valencia, CA). Higher concentrations than specified by the manufacturer were necessary for macrophage transfection but did not appear to affect the viability of the transfected cells. Intramacrophage survival͞growth assays were performed at an multiplicity of infection of Յ1 (38) . TRIP6 was identified as the binding partner for SrfH with the Hybrid Hunter yeast two-hybrid kit (Invitrogen, Carlsbad, CA), according to the manufacturer's instructions, using a commercial prey bank derived from HeLa cells (Invitrogen). ␤-Gal assays were performed on cultures grown overnight with rigorous shaking at 30°C according to the assay conditions provided with the Invitrogen kit.
Microscopy. Samples were fixed in 4% formaldehyde, permeabilized, and stained with a native TRIP6 antibody and an anti-mouse secondary conjugated to Texas red (Molecular Probes, Eugene, OR). SrfH-GFP 3D colocalization analysis was performed with the Applied Precision (Marlborough, U.K.) Deltavision image restoration system. Deconvolution using the iterative constrained algorithm of Sedat and coworkers (39) and image processing were performed on an SGI Octane workstation. Colocalization analysis was performed with the CoolLocalizer algorithm (CytoLight, Ann Arbor, MI), on sets of 99 Z sections captured from representative macrophages expressing both GFP and Texas red.
In Vitro Motility Assays. Macrophages were infected with bacteria grown to saturation and washed three times with PBS at a multiplicity of infection of 0.1-0.2. Bacteria were centrifuged onto the monolayers and incubated for 1 hr. Infected monolayers were then washed four times, for 5 min each wash. The extracellular bacteria were killed with a 1-hr incubation in DMEM supplemented with 100 g͞ml gentamicin (34) . The monolayers were washed as before and collected in 1.0 ml of DMEM containing 10 g͞ml gentamicin and 50 l of this suspension added to the top of a 12-M pore chemotaxis plate from the Chemotax system (Neuro Probe, Gaithersburg, MD). In some experiments, heat-treated S. typhimurium (90°C for 10 min) from a saturated overnight culture (diluted 1,000-fold in DMEM augmented with 10 g͞ml gentamicin) was used as a chemoattractant (30 l of this mixture in the bottom reservoir). Counting macrophages with a hemocytometer as well as counting bacteria after macrophage lysis determined migration. Transfection studies were performed similarly, except background migration was determined with mock-transfected macrophages and subtracted from the values presented.
Animal Experiments. Four-week-old female BALB͞c mice were used in all animal experiments except for those concerning CD18. For these, 8-week-old female C57BL͞6J Itgb2 and C57BL͞6J Itgb2 tm1/Bay mice were used (27) . Mice were orally inoculated by gavage with 1 ϫ 10 9 or 1 ϫ 10 10 bacteria. Thirty minutes after inoculation, mice were anesthetized and peripheral blood obtained by cardiac puncture. Host cells were lysed with 1% Triton and bacteria recovered on MacConkey agar plates. Bacteria were confirmed to be S. typhimurium by their growth and appearance on MacConkey agar, and sensitivity to bacteriophage P22 and, where appropriate, by resistance to antibiotics. Bacterial survival within the GI tract and the ability of bacterial strains to colonize the spleen and liver were performed as described (40) .
PCR and RT-PCR. pBluescript, which has a copy number of Ͼ300 per cell, was electroporated into the various strains to serve as a sensitive target that would allow us to detect the presence of dead bacteria in the bloodstream. The PCR primers are 5Ј-CAAGGC-GAGTTACATGATCCC and 5Ј-ACTGCGGCCAACTTACT-TCTG. On two independent occasions, five mice for each strain tested were infected with Ϸ1 ϫ 10 10 bacteria and, 30 min later, total blood was collected and combined. Any plasmid DNA present was purified with plasmid DNA isolation columns (Qiagen), and the total eluates were used as templates in standard PCRs. All strains were tested side by side, with the same primers.
siRNA Studies. Macrophages were transfected with the TRIP6-specific siRNA construct shown in Fig. 4 or a randomized sequence containing the same base composition (Qiagen), washed 24 h later, and then incubated for an additional 24 h. At this time, the macrophages were infected with bacteria, and the motility assay was performed as previously described.
FACS Analysis. Mice were inoculated IG with 10 8 bacteria. Thirty minutes after inoculation, mice were anesthetized, and cardiac punctures were performed. Blood samples from three mice were pooled, red blood cells lysed, and white blood cells collected by using a lympholyte gradient (Cedarlane Laboratories, Burlington, NC) and passed through a 70-m cell filter (Falcon, Colorado Springs, CO). Cells were resuspended in PBS containing 2% FBS and 0.1% sodium azide, then analyzed by FACS. A LSRII (Becton Dickinson, Franklin Lakes, NJ) FACS machine equipped with a 488-nm laser was used to detect GFP fluorescence (Ͼ500,000 cells were analyzed per sample using FlowJo software; Tree Star, Ashland, OR).
